Abstract: Luminescent Os(II) and Ir(III) complexes containing a tripodal-type structure terminalized with three thiol derivatives are described. The tripod is introduced through derivatization, with a rigid spacer, of a phenanthroline ligand coordinated to the metal ion, and the entire structure possesses axial geometry. The geometry of the complexes combined with the three anchoring sites, the thiol groups, allows the complexes to adopt an almost perpendicular arrangement to the surfaces and the formation of a well-packed monolayer on Au substrates. The photophysical and electrochemical behavior of the complexes is studied in solution and on surfaces. Furthermore, a self-assembled monolayer (SAM) of Os(II) complexes on an ultraflat Au surface is used to fabricate a metal-molecule-metal junction with Au and In Ga eutectic as electrodes. The Os(II) SAM in the tunneling junction exhibits rectification behavior which is opposite in direction to that which we have previously shown for Ru(II) SAMs.
INTRODUCTION
In the past two decades, a lot of research was directed toward the field of molecular electronics driven by the idea of miniaturization [1] [2] [3] [4] . Small structures can be obtained by a top-down approach or by a bottom-up strategy consisting in molecular self-assembly [5] [6] [7] . Monolayers of electroactive molecules on bulk metallic surfaces, in particular, Au and Pt have shown interesting behavior and some promising results [8] [9] [10] . The central key feature is to have electro/photoactive organic and organometallic fragments assembled onto these surfaces and study their charge conductivity [11] [12] [13] [14] [15] or eventually their electroluminescence in molecular junctions [16] . Different chemical functionality is required to assem-
Synthesis of [Os(bpy) 2 -EPIP](PF 6 ) 2 -Si-tripod-SAc (Os-SAc)
cis-[OsCl 2 (dmbpy) 2 ] (dmbpy = 4,4'-dimethyl-2,2'-bipyridine). This complex was prepared by a modified procedure of the reported method [42] . A mixture of (NH 4 ) 2 [OsCl 6 ] (0.25 g, 0.57 mmol) and 2.0 equiv of 4,4'-dimethyl-2,2'-bipyridine 0.21 g, 1.14 mmol) in ethylenglycol (10 ml) was refluxed for 2 h under Ar. The reaction mixture was stirred magnetically throughout this period. The cooled reaction mixture was treated with 1 M Na 2 S 2 O 4 (25 ml) to reduce any cis-[OsCl 2 (dmbpy) 2 ] + that might have formed. The dark violet-black precipitate was collected after the reaction mixture was cooled for 30 min in an ice bath. The solid was thoroughly washed with water and diethyl ether and was used in subsequent reactions without purification.
2-[4-(2-ethynyl)phenyl]-1H-imidazo[4,5-f][1,10]-phenanthroline (EPIP).
A mixture of 1,10-phenanthroline-5,6-dione [43] (1.96g, 9.33 mmol), 4-ethynylbenzaldehyde (1.7 g, 13.06 mmol), ammonium acetate (14.43 g, 0.187 mol), and glacial acetic acid (15 mL) was refluxed for 4 h and then cooled to room temperature (RT). The reaction mixture was diluted with water, and dropwise addition of concentrated aqueous ammonia gave a yellow precipitate, which was collected, washed with water, and dried. The crude product obtained was purified by recrystallization from CHCl 3 /MeOH (4:1, v/v) and dried. Yield: 2.39 g (82 %). [1, 10] phenanthroline (0.16 g, 0.5 mmol), methoxyethanol (15 mL) and water (5 mL) was refluxed under Ar for 2 h to give a dark green solution. After most of the methoxyethanol solvent and the water were removed under reduced pressure, a precipitate was obtained by drop wise addition of a saturated aqueous NH 4 PF 6 solution. The product was purified by column chromatography on alumina (acetonitrile/toluene 1:1) first to remove the ligand, and then eluting with a gradient of acetonitrile/water/saturated aqueous KNO 3 from 100:1:1 to 100:18:2 to collect the complex. The collected fractions were combined and evaporated. An aqueous solution of saturated ammonium hexa fluorophosphate was added. Filtration under vacuum with celite, washing with H 2 O and dissolution in acetone of the resulting precipitate afforded 0.345 g (64 %) of the desired Os complex. [Os(bpy) 2 -EPIP](PF 6 ) 2 -Si-tripod-SAc (Os-SAc). An oven-dried screw-cap tube was charged with tris [4-[3-(thiolacetatemethyl) [39] (TripodSAc) (124 mg, 0.12 mmol), Pd(dba) 2 (10 mg, 0.01 mmol), CuI (4 mg, 0.01 mmol), and PPh 3 (16 mg, 0.03 mmol). The tube was capped with a septum, evacuated, and back-filled with Ar three times. N,N-diisopropylethylamine (5 mL) was added via syringe. A solution of [Os(dmbpy) 2 -(ethynylphenyl)imidazo-(1,10)-phenanthroline](PF 6 ) 2 (117 mg, 0.1 mmol) in THF (5 mL) was transferred via cannula to the tube. The tube was then capped with its screw cap, and the solution was stirred at RT for 2 days. The solvent was removed under reduced pressure to give a solid residue, which was dissolved in water (5 mL), NH 4 PF 6 (0.25 g) was added, and the resulting green precipitate was isolated by suction filtration. The precipitate was purified by column chromatography on alumina (aceto nitrile/toluene 1:1) first to remove the unreacted [8] and then eluting with a gradient of acetonitrile/water/saturated aqueous KNO 3 
Photophysics
Absorption spectra were measured on a Varian Cary 5000 double-beam UV-Vis-NIR spectrometer and baseline corrected. Steady-state emission spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, double grating excitation, and emission monochromators (2.1 nm/mm dispersion; 1200 grooves/mm) and a Hamamatsu R928 photomultiplier tube or a TBX-4-X single-photon-counting detector. Emission spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by standard correction curves. For monolayers, the sample was mounted on a commercially available solid-state sample holder provided by HORIBA Jobin-Yvon, and the emission was collected with the front face geometry. Time-resolved measurements were performed using the time-correlated single-photon counting (TCSPC) option on the Fluorolog 3. NanoLED (402 nm; FWHM < 750 ps) with repetition rates between 10 kHz and 1 MHz were used to excite the sample. The excitation sources were mounted directly on the sample chamber at 90º to a double-grating emission monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and collected by a TBX-4-X single-photon-counting detector. The photons collected at the detector are correlated by a time-to-amplitude converter (TAC) to the excitation pulse. Signals were collected using an IBH DataStation Hub photon counting module and data analysis was performed using the commercially available DAS6 software (HORIBA Jobin Yvon IBH). The goodness of fit was assessed by minimizing the reduced chi-squared function (χ 2 ) and visual inspection of the weighted residuals. Quantum yield. Luminescence quantum yields (Φ em ) were measured in optically dilute solutions (O.D. < 0.1 at excitation wavelength) and compared to reference emitters by the following equation:
where A is the absorbance at the excitation wavelength (λ), I is the intensity of the excitation light at the excitation wavelength (λ), n is the refractive index of the solvent, D is the integrated intensity of the luminescence and Φ is the quantum yield. The subscripts r and x refer to the reference and the sample, respectively. All quantum yields were performed at identical excitation wavelength for the sample and the reference, canceling the I(λ r )/I(λ x ) term in the equation. Os(bpy) 3 2+ (Φ = 0.005 in deaerated acetonitrile solution) [44] . Deaerated samples were prepared by the freeze-pump-thaw technique.
Electrochemical characterization Os-SAc in solution and in SAMs on Au surface
The electrochemical characterization (cyclic voltammetry, CV, and differential pulse voltammetry, DPV) for the metal complex herein reported has been performed in acetonitrile/0.1 M tetra-butylammonium hexafluorophosphate (TBAH). Glassy carbon and Au have been employed as working electrodes for solution or SAMs studies respectively, Pt wire as counter, and Pt wire as quasi-reference (QRE) electrode.
Electrochemical apparatus and procedures. Acetonitrile (Sigma-Aldrich, Chromasolv® Plus, 99.9 %) was used as arrived without any further purification. TBAH, electrochemical grade, 99 %, Fluka, was used as supporting electrolyte, which was recrystallized from a 1:1 ethanol-water solution and dried at 60 °C under vacuum.
For the electrochemical experiments, a CHI750C Electrochemical Workstation (CH Instruments, Austin, TX, USA) was used. The electrochemical experiments were performed in a glass cell under an Ar atmosphere. To minimize the ohmic drop between the working and the reference electrodes, the feedback correction was employed.
The electrochemical experiments were performed by using 3-mm-diameter glassy carbon (GC homemade from Tokai glassy carbon rod) disk electrode (for species free to diffuse in solution), and 1-mm-diameter Au-disk electrode (for species self-assembled on the surface). The electrodes were stored in ethanol, and were polished before experiments with a 0.05 μm diamond suspension (Metadi Supreme Diamond Suspension, Buehler) and ultrasonically rinsed with ethanol for 5 min. The electrodes were electrochemically activated in the background solution by means of several voltammetric cycles at 0.5 V s -1 between the anodic and cathodic solvent/electrolyte discharges, until the same quality features were obtained. The reference electrode was Pt quasi-reference electrode (Pt-QRE), which was separated from the catholyte by glass frits. The reference electrode was calibrated at the end of each experiment against the ferrocene/ferricenium couple, whose formal potential is 0.450 V against the KCl saturated calomel electrode (SCE); in the following, all potential values will be reported against SCE. A Pt ring or coil served as the counter electrode.
The SAMs have been prepared by immersing the Au-disk electrode in a freshly prepared 1.0 mM solution of acetylthiol derivative of the metal complex in neat acetonitrile, and left to form monolayers overnight. Before use, the sample has been rinsed with several mL of absolute ethanol and acetone and gently blown dry with Ar. The effective area of the working electrode has been measured upon evaluation of the peak current of ferricenium/ferrocene redox couple at different scan rate, before the formation of the SAMs and after its electrochemical desorption.
Surface analysis
Atomic force microscopy (AFM) imaging. AFM images of the monolayers on flat Au substrates were acquired in air at RT with a commercial instrument (Digital Instruments, Nanoscope IIIa, Dimension 3000, Santa Barbara, CA) operating in tapping mode. AFM images are flattened and shown without further modification. Analysis was performed using WSxM 4.0 Develop.
Fluorescence lifetime microscopy (FLIM). The FLIM images and the fluorescence decays on surfaces were recorded using a Microtime 200 (PicoQuant) attached to an Olympus IX 71 microscope with a 100× oil-immersion objective and a scanning speed of 6 µs per point at an excitation with a 440-nm laser (FWHM 80 ps). Fluorescent lifetimes were calculated from the whole area by the software SymphoTime (PicoQuant).
Preparation of Os-SAc SAMs. For the SAMs, we need a Au surface with a very high degree of flatness. Hence, ultraflat Au substrates were prepared on microscope cover slip using the template stripping (TS) method as described by Weiss and co-workers [45] . Briefly, first the Au was evaporated on Si wafers and then, by using Optical Adhesive (Norland 61), glued on the cleaned (sonicated in EtOH and Plasma activated) microscope cover slips and curing for 2 h under UV light (200 W Hg lamp with 280-400 nm dichroic filter). The glass substrates were cleaved off the Si-waver by using a razor blade after which the TS Au substrates were immersed in a solution of 2 mM of Os-SAc in ethanol for 24 h at RT for the monolayer formation. The samples were subsequently rinsed with EtOH to remove any unbound molecules.
Formation of the junctions. Ultraflat Au surfaces were formed by a TS procedure published previously [46] . All the details can be found in ref. [45] but a brief description is given here. On Si wafers with their native SiO 2 layer present a layer of 500 nm of Au was thermally deposited by electron-beam (e-beam) at 2-3 × 10 -6 Torr at a rate of 8-10 Å/s. Glass slides, which were cleaned by washing with EtOH and oxygen plasma oxidation for 5 min, of typically 1 cm 2 were glued at the Au surface using an optical adhesive (Norland, No. 61). The optical adhesive was cured for 2 h by exposure to ultraviolet light. The glass substrates were cleaved off the Si-wafer by using a razor blade after which the TS Au substrates were immersed in a solution of 2 mM of Os-SAc in ethanol/acetonitrile for 24 h at RT. After SAM formation, the samples were rinsed with EtOH.
We used cone-shaped eutectic indium-gallium (EGaIn, 75.5 % Ga 24.5 % by weight, 15.7 °C melting point) alloy as top electrodes. A detailed description of the formation and contacting the SAMs by EGaIn top electrodes have been reported by our group [47] . The EGaIn is a non-Newtonian fluid. On the micrometer scale, EGaIn behaves as a solid, but when sheer-pressure is applied EGaIn behaves pyridinyl]phenyldiiridium(III) was used to introduce the Ir fragment bis[2-(2-pyridinyl)phenyl]iridium(III) into the octahedral [Ir(ppy) 2 -ethynyl)phenyl)-imidazo-(1,10)-phenanthroline](PF 6 ) target compound. The Sonogashira-coupling was performed under the same conditions as for the Os-SAc compound to achieve the final metal complex Ir-SAc in 87 % yield.
Photophysical characterization in solution
Photophysical properties of Os-SAc. The absorption spectra of Os-SAc, and the reference compound Os(bpy) 3 (PF 6 ) 2 in acetonitrile solutions are shown in Fig. 1 . The high energy bands at 291 nm (ε = 8.5 × 10 4 M -1 cm -1 ) can be assigned to the bipyridine and phenanthroline singlet intraligand ( 1 IL) π-π * transitions while the 311 nm (ε = 5.2 × 10 4 M -1 cm -1 ) and 340 nm (ε = 2.5 × 10 4 M -1 cm -1 ) are due to the π-π * absorptions of the highly conjugated moieties containing the phenylene-ethylene moieties. In particular, the latter is due to the EPIP [48] while the former is attributed to the tripod species. This assignment is corroborated by the observation that for the reference non-tripodal complex, Os(bpy) 3 , this 311-nm feature is missing. The lower energy bands between 440 and 550 nm (for the 490-nm band the ε = 1.1 × 10 4 M -1 cm -1 ) are assigned to the singlet metal to ligand charge transfer ( 1 MLCT) transitions, which are typical for Os polypyridyl complexes [49, 50] , involving the d orbitals of the Os and the π* orbitals of the substituted bipyridines and phenanthroline ligands. The lowest 1 MLCT band for the Os-SAc feature is red-shifted by 10 nm as compared to the reference compound. This shift can be explained by a combined effect of the slight electron-donating character of the two methyl groups on the bipyridines, which would favor the MLCT transitions to the substituted phenanthroline, and the larger delocalization of this ligand vs. the unsubstituted phenanthroline, which lower the lowest unoccupied molecular orbital (LUMO) of such a ligand.
Both the complexes exhibit broad and weak absorption features (ε = 2.9 × 10 3 M -1 cm -1 ) in the 550-700 nm region, which are attributed to the spin forbidden transition from the ground state to the 3 MLCT level, partly allowed because of the large spin-orbit coupling induced by the heavy Os [51, 52] .
Room temperature emission spectra of Os-SAc and Os(bpy) 3 in acetonitrile solution upon excitation at 480 nm are shown in Fig. 2 . These complexes emit in the red part of the electromagnetic spectrum and are characterized by broad structureless bands. As for other Os polypyridine complexes, the emission is due to the radiative deactivation of the 3 MLCT state and the features are characteristic of metal to ligand charge-transfer bands [49, 53] . Os-SAc has the emission maximum at 768 nm, which is red-shifted by about 37 nm as compared to Os(bpy) 3 Tripod-like luminescent Os and Ir complexes 787 absorption (see above). The lowest excited state 3 MLCT involves the substituted phenantroline ligand. Lowering the temperature to 77 K, the emission undergoes a blue-shift of 45 nm, and is characterized by a vibronic progression. Such a behavior is again typical for metal-to-ligand charge transfer (MLCT) emissions, since at 77 K, the solvent molecules are frozen and hence any stabilization of the chargetransfer transitions involving the solvent is absent and consequently, the HOMO-LUMO gap is increased. The photophysical data are summarized in Table 1 . The excited-state lifetimes are consistent with the assignment of the luminescent state. They are in the range of 30-40 ns for the Os complexes investigated in aerated solutions. The excited-state lifetime measured at 77 K, as can be seen from Table 1 , is much longer than that measured at RT. The highest energy band at 294 nm (ε = 5.4 × 10 4 dm 3 mol -1 cm -1 ) is attributed to the transitions involving the three ligands coordinated to the central metal ion. Two features characteristics for the Ir-SAc absorption spectrum are the bands around 311 nm (ε = 5.2 × 10 4 dm 3 mol -1 cm -1 ) and 341 nm ε = 2.5 × 10 4 dm 3 mol -1 cm -1 ), respectively. They are both due to the presence of the p-phenyleneethylene units [48] , and to the tripod species, respectively. This assignment is also consistent with the tripodal systems of Ru [24] and Os (Fig. 1 ) that have identical ancillary tripodal ligand.
The RT emission spectra of Ir-SAc and Ir-EPIP in acetonitrile solution are presented in Fig. 4 . As expected, both these complexes have an almost identical emission profile. Ir-SAc has an emission maximum at 582 nm, whereas for the reference compound, the emission maximum is at 579 nm. The emission at RT of both complexes is attributed to the decay of the 3 MLCT [54] [55] [56] [57] , and hence the emission profile has a broad and structureless feature at RT. Also, as already mentioned, the ligand involved in the charge transfer is the substituted phenanthroline and therefore both complexes have very similar emission maxima, since the extent of exciton diffusion on this ligand is very similar. At 77 K the emission is blue-shifted significantly (maximum at 525 nm) and exhibits a vibronic progression. In rigid matrices the excited states can mix with the lowest triplet ligand centered ( 3 LC) states. Such mixing can be extremely high as reflected in the elongation of the excited-state lifetime. In our cases at 298 K, these Tripod-like luminescent Os and Ir complexes 789 [58] . Due to the triplet character of the emission, the emission quantum yields of these phosphorescent complexes are strongly dependent on the presence of oxygen. The complete photophysical data of these complexes are presented in Table 2 . SAMs. The AFM picture (Fig. 5) shows that the monolayer was formed with a reasonable quality although it is not perfectly homogeneous. Similar trends were observed by us even for the Ru tripod on Au surface. However, from the depth profile, it is clear that it was a monolayer as the length of the molecule is about 3 nm. Further, when a control experiment was performed by immersing a bare Au surface in the ethanolic solution under identical conditions, it revealed no such depth profile supporting our claim that the features on the AFM are indeed due to the monolayer formation and not to the surface roughness of the Au (roughness 0.16 nm RMS). Photophysical measurements of Os-SAc monolayer. The emission from the monolayer was too weak to be able to record a spectrum in our spectrofluorimeter. However, the excited-state lifetimes were measured using a time-resolved confocal microscope and resulted to be 2.1 ns (see Table 1 ). This lifetime is significantly shorter than what is normally observed for Os-SAc in solution. However, in order to estimate the role played by the Au surface in the quenching of the lifetime of Os-SAc, we prepared a dilute solution of Os-SAc in acetonitrile, and drop cast on a glass surface. Since glass surface should not have any influence on the emission of Os-SAc, the obtained lifetime was used as a reference for unquenched lifetime on an inert surface. The lifetime of Os-SAc on glass was found to be 7.8 ns. The quenching on glass compared to the excited-state lifetime in solution is most likely due to triplet-triplet annihilation since on the glass surface we expect the molecules of Os complex very close to each other. The origin of quenching on Au is attributed to a photoinduced electron transfer from the redox-active Os core to the electron-deficient Au surface. Similar effects with Ru tripod were observed by us, as well as other groups, with different Ru complexes on Au [24, 31, [59] [60] [61] [62] [63] . Using the quenched and unquenched lifetimes, we can estimate the electron-transfer rate using the following equation:
where τ is the quenched lifetime and τ 0 is the unquenched lifetime. For the present system, it was found that electron-transfer rate constant was 3.5 × 10 8 s -1 . This value is similar to the one obtained for Ru tripod on Au surface. However, this electron-transfer rate is significantly faster (2-3 orders) than the ones reported by Unwin et al. [60] and Kamat and coworkers [59] for Ru complexes on different surfaces. This observation is consistent with the fact that due to extensive conjugation of the ligand anchored to the surface, the electron-transfer rate is significantly higher in our tripodal systems.
Electrochemical characterization of unbound Os-SAc in solution. The electrochemical characterization for a 0.5 mM Os-SAc unbound species was performed in CH 3 CN/0.1 M TABH by means of CV and it is displayed in Fig. 6 . The first reduction appears as an irreversible peak at -1.10 V (see Fig. 6 ). This is expected to involve the ligand having the most stable LUMO [64] [65] [66] , as the phenanthroline-derivative moiety in our case. This behavior has been observed previously on similar Ru complexes [67, 68] . The successive reduction process at -1.27 V, which can be attributed to the reduction of the bipyridine ligand, is reversible at all scan rates, as well as the first oxidation at +0.83 V, which can be attributed to the oxidation of the Os center Os(III)/Os(II). Tripod-like luminescent Os and Ir complexes 791 Complete electrochemical data of this system are reported in Table 3 . The data obtained from the DPV (not shown here) are also reported in Table 3 . The standard potentials, referenced against SCE, are calculated as the average value between cathodic and anodic peak potentials as the scan rate is varied in the range 0.1-5 V s -1 . The peak to peak separation is about 90 mV, which is larger than the expected for an ideal Nernstian behavior (59 mV). However, the behavior of the redox couple ferrocene/ferricenium, used as internal standard, showed the same trend. Therefore, we can attribute the observed effect to the ohmic drop of the system, as previously reported for aprotic media by Bard and co-workers [69] . Furthermore, the peak current for both the redox processes under investigation increases linearly with the square root of the scan rate, as expected for a diffusion-controlled electrochemical process. The values for the HOMO-LUMO gap are also reported in the Table 3 , and are estimated as the difference between the standard potential for the first oxidation and the first reduction respectively. Also, the values of HOMO and LUMO are calculated based on the value of -4.8 eV for ferrocene with respect to vacuum level as previously reported [70] . Furthermore, concerning the oxidation process, the value for the standard potential of the species free to diffuse in solution is matching, within the experimental error, that of the species directly bound to the electrode surface through the SAMs (see next section). For the Os-SAc monolayer, the surface coverage was determined from the area under the voltammogram peak observed for the oxidation process, by using the following equation:
where Q, is the total charge required to oxidize or reduce the electroactive species, n is the number electrons involved in the electrochemical process, F is the Faraday constant, and A is the area of the electrode. The effective area of the electrode was measured by analyzing the CVs of ferrocene/ferricenium redox couple varying the scan rate in the range 0.1-1 V s -1 , and was estimated to be 1.12 × 10 -2 cm 2 with a roughness factor ρ of 1.69 [71] . The resulting surface coverage was calculated from the area under the voltammetric peak as the scan rate is varied in the range 0.1-2 V s -1 , and was found to be 4.64 × 10 -11 mol/cm 2 . This value is about one order of magnitude smaller than those reported in literature for alkanethiol SAMs on Au(111) [72] [73] [74] . However, it is not surprising, since the steric hindrance It is interesting to note that the peak separation E p is greater than 0 and slightly increases with increasing scan rates (50 mV at 1 V/s as compared to 30 mV at 100 mV/s). This is consistent with similar trends observed for Os bipyridine complexes on Au surfaces [27] . Furthermore, the peak-current increases linearly with the scan rate, as expected for diffusion-less process due to species directly bound on the electrode surfaces [62] .
Tunneling junction with SAMs of Os-SAc
We fabricated tunneling junctions of SAMs of Os-SAc on ultra-flat TS Au surface by contacting them with a liquid metal (eutectic alloy of In and Ga, EGaIn) top electrode. The method for forming coneshaped tips of GaO x /EGaIn and to contact the SAMs to form tunneling junctions has been described before [47] . This method makes it possible to study the mechanism of charge transfer across SAMs as a function of the chemical composition of the SAMs with statistically large numbers of data [75] . These junctions are easy to assemble, are relatively mechanically stable, and the liquid-metal top electrode, unlike methods based on the direct deposition of metals [76] , does not alter the chemical structure of the SAMs, or penetrate the SAM [77, 78] .
The tunneling junctions contain a surface layer of Ga oxide, GaO x , which spontaneously forms on EGaIn under ambient conditions. We have characterized this surface layer of GaO x in three different ways. (i) The thickness of the layer of GaO x measured by time-of-flight-secondary ion mass spectrometry (TOF-SIMS) and angle-resolved X-ray photoelectron spectroscopy (XPS) is 1-2 nm. (ii) The resistivity of the layer of GaO x is about two orders of magnitude higher than that of bulk EGaIn, and about four orders of magnitude less than a SAM of SC 10 CH 3 , and is therefore negligible in our studies of charge transport across SAMs [75] . (iii) The surface of the GaO x is not smooth and the actual contact area of the GaO x with the SAM is ~25 % of that of the measured contact area. All tunneling junctions contain SAMs that have defects due to step edges, impurities, grain boundaries, etc. [6] . For this reason, statistically large numbers of data have to be recorded and analyzed to discriminate artifact from real data, and to determine the reproducibility and the yield of working devices [75, 79] . Figure 8 shows the tunneling junction schematically. In all experiments, we biased the GaO x /EGaIn top electrode and grounded the Au TS electrode and the junction sizes were 500-1000 μm 2 .
A total of 11 junctions were assembled at 2 different TS Au surfaces. All of these junctions were working and no junctions were shorting, thus the yield of working devices was 100 %. The junctions were then scanned between -2 and +2 V. We performed a statistical analysis of the data by a procedure reported earlier [75] . The semi-log plot of the average |J|(V)-curve is shown in Fig. 9 . The junctions exhibited rectification with a rectification ratio R = 32 with a log-standard deviation of 1. We reported that junctions with SAMs of Ru-tripod on TS Au bottom electrodes and GaO x top electrode have energetically accessible HOMO and LUMO levels which may overlap with the Fermi levels of the electrodes in the measured bias window (±2.0 V), but these junctions did not rectify currents significantly (R ≈ 1.0) [24] . In contrast, the junctions with SAMs of Os-tripod rectified. As outlined in Fig. 10 , both tripod molecules have LUMO levels of -3.1 eV, but the HOMO level of the Os-tripod (-5.2 eV) is 0.60 eV higher in energy than that of the Ru-tripod (-5.8 eV). Although the HOMO and LUMO levels will be delocalized, we believe that both levels will be located spatially asymmetrically inside the junction, and that they will be in close proximity with the top electrode. Thus, the HOMO and LUMO levels will follow the Fermi level of the GaO x top electrode when bias is applied. We do not know how closely the HOMO and LUMO levels will follow the Fermi level of the GaO x electrode, but in Fig. 10 we assumed that at a bias of 2.0 V the HOMO and LUMO levels shift 1.5 eV in energy.
In case of the Ru-tripod [24] , the Fermi level of the GaO x top electrode (-4.3 eV) is located energetically close to the middle of the HOMO-LUMO gap. In contrast, in case of the Os-tripod, the Fermi level of the GaO x top electrode is located energetically closer to the HOMO level than to the LUMO level. We believe that the rectification for the Os-SAc complex originates from the fact that at negative bias the HOMO level can overlap with the Fermi levels of both electrodes at lower applied potentials than at positive bias, and, consequently, facilitate charge transport in one direction of bias at lower applied potential than the other. Hence, rectification is achieved. In case of the Ru-tripod, however, the HOMO level probably does not overlap with the Fermi levels of both electrodes at any applied potential. Thus, despite the fact that the HOMO level is spatially located inside the junction asymmetrically, rectification cannot be achieved. We propose a mechanism of rectification that involves one molecular orbital similar to that proposed by the groups of Baranger et al. [80] and Kornilovitch et al. [81] . They proposed that an asymmetrically positioned molecular orbital, (either HOMO or LUMO) inside a tunneling junction and strongly coupled to one of the electrodes, can rectify current. Most likely, the LUMO level does not overlap with the Fermi level of the electrodes under the applied bias window, since the LUMO level is about 1.4 eV lower in energy than the Fermi levels of the electrodes.
CONCLUSIONS
Redox-active electroluminescent d 6 Os(II) and Ir(III) metal complexes with rigid geometries for molecular electronics application, have been prepared. They contain a phenanthroline ligand substituted with a tripod system that terminates with thiol functionalities. A detailed photophysical characterization of these complexes has been reported. Furthermore, we have investigated SAMs of Os(II) complexes on ultraflat Au surfaces and characterized them by AFM. We have also fabricated a metal-molecule-metal junction with these tripodal complexes using a eutectic of Ga-In alloy as a top electrode and Au as the bottom electrode. We report a rectification behavior in these junctions. However, the directionality of the rectification is opposite to what we have described for Ru(II)-tripods in our previous study.
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